Objective. The objective of this study is to examine the risk of serious infections (SIs) associated with biological disease-modifying antirheumatic drugs (bDMARDs) compared with conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) in patients with rheumatoid arthritis (RA).
INTRODUCTION
Rheumatoid arthritis (RA) is associated with increased risk of serious infections (SIs), which significantly contribute to increased overall mortality (1) (2) (3) . This increased infection risk in RA has been attributed to complex interactions of disease-associated immune dysregulation, accompanying comorbidities, and use of immunosuppressive medications (4) . With the advent of biologic disease-modifying antirheumatic drugs (bDMARDs), better inflammation control and, consequently, reduction in associated morbidity and mortality have been achieved in RA (5) . However, because of their mechanism of action, targeting key cytokines and cells of host immune response, concerns about infection risk have been raised. Several randomized clinical trials, observational studies, and meta-analyses have evaluated this issue, and some, but not all, have showed an increased risk of infection with bDMARDs compared with conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) with different risk magnitudes (2, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Studies comparing the risk of infections across different bDMARDs, both in classes and as individual drugs, have also reported discordant results, although most have suggested a similar infection risk (6, (17) (18) (19) (20) (21) .
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Because the risk of infection in patients with RA is determined by both drug-specific parameters (agent, dose, and duration) (13, 14) and patient-specific characteristics (age, sex, extra-articular manifestations, comorbidities, and comedications, particularly glucocorticoids [GCs]) (14, 22) , it is methodologically challenging to estimate bDMARD-associated infection risk without assessing all of these factors. Considering the significant variations of previous studies in study design and population (biologic registries and administrative or pharmacy data), comparator drug cohorts (csDMARDs or methotrexate only or one of the bDMARDs), follow-up duration, and assessment of confounders, further characterization of the risk of SI attributable to bDMARDs and other patient factors in RA is needed.
In this study, we assessed the risk of SIs associated with bDMARDs compared with csDMARDs in a US-wide observational RA cohort using propensity score (PS) analysis.
PATIENTS AND METHODS
Patients were participants in FORWARD-The National Databank for Rheumatic Diseases, a longitudinal prospective observational study (23) . The study included patients with RA who completed at least two semiannual questionnaires and initiated a new course (incident users) of either bDMARDs (tumor necrosis factor α inhibitors [TNFis] or non-TNFi bDMARDs) or csDMARDs during the period of January 2001 through December 2016. Patients with RA with a diagnosis of cancer during the follow-up before the diagnosis of SI were excluded.
Disease-modifying antirheumatic drug exposure. Treatment exposure was measured at enrollment and every 6 months using comprehensive questionnaires (23) . For disease-modifying antirheumatic drug (DMARD) use, we defined three mutually exclusive categories based on the initiated treatment: 1) csDMARDs (reference) (bDMARD-naïve); 2) TNFis (infliximab, etanercept, adalimumab, certolizumab, and golimumab), independent of other csDMARDs; and 3) non-TNFi bDMARDs (abatacept, rituximab, tocilizumab, and anakinra), independent of other csDMARDs and prior TNFi exposure. Each patient contributed to one specific DMARD group reached last during the follow-up. According to this design, as an example, a patient whose last DMARD was a non-TNFi bDMARD initiated during the follow-up period would only contribute to the non-TNFi biologic group regardless of prior csDMARD-only or TNFi exposure periods. A diagram showing DMARD-exposure assignment with sample patients is provided in the Supplementary Material. Treatment categorization was based on the last DMARD because it reflected the trajectory of the disease process and was a way of fixing the treatment regimen for each patient.
Outcome and follow-up. The primary outcome was incident SI, which was defined as an infection requiring intravenous antibiotics or hospitalization or resulting in death. Only SIs that were confirmed by medical review or death records were included (Supplementary Material). SIs were attributed to the corresponding DMARD group when the treatment was ongoing or discontinued 3 months or fewer before SI. This risk window was extended to 12 or fewer months for rituximab, considering its long-term effects on B cells (24) .
Follow-up started at the time of treatment initiation with any of the DMARD groups mentioned previously and ended at the first SI, at treatment discontinuation, at death, at loss to follow-up, or on December 31, 2016, the study end. The risk window after discontinuation of a DMARD was included in the follow-up period for patients who discontinued therapy for a reason other than SIs.
Statistical analysis. Baseline characteristics of the patients with RA at the time of DMARD initiation, by future SIs and by DMARD group, were compared using either χ 2 , analysis of variance (ANOVA), or nonparametric tests (Kruskal-Wallis test), as applicable. Crude incidence rates for all patients with RA, and by DMARD group, were calculated by dividing the number of events per 1000 patient-years of follow-up and are presented with 95% confidence intervals (CIs).
To estimate risk differences between DMARD groups, a survival analysis was performed using a Cox proportional hazards model. The multiple-PS method was applied to minimize the channeling bias related to baseline clinical characteristics of patients (25) . PSs reflecting the probability of receiving csDMARDs, TNFis, or non-TNFi bDMARDs were calculated by using multinomial logistic regression models (csDMARDs vs TNFis and non-TNFi DMARDs). The PS was estimated based on the following characteristics at the time of treatment initiation: age, sex, ethnicity (white vs other), insurance status (Medicare vs others), annual income, RA disease duration, smoking status, Rheumatic Diseases Comorbidity Index (RDCI) score, Health Assessment Questionnaire (HAQ) score, pain and patient global assessment scores by visual analogue scales (0-10), GC use (yes/no), total number of csDMARDs and bDMARDs used prior to the initiated DMARD in the cohort, prior SI history, and calendar year of treatment initiation.
Because of differences in timing of bDMARD availability for use, restricted cubic spline function of the calendar year was employed in the PS model to deal with nonlinearity. Two-way ANOVA for continuous variables and logistic regression models for binary variables were used to assess if the PSs were balanced. In these models, the dependent variable was each covariate, and the other factors were the exposure variable (DMARD group), the PSs, and the interaction terms between the two. The PSs were both used as continuous variables and as split-into quintiles. The nonstatistical significance of the main effects of exposure or of the interaction of exposure with the PS or its quintiles indicated a balanced score for that covariate. The distribution of the multiple PSs within each treatment group was also assessed, confirming a substantial overlap of the PS values. All patient characteristics were balanced between DMARD groups after correction with the multiple-PS method.
To examine the SI risk associated with DMARDs, we constructed several multivariable models. First, the PS was added in the Cox models as a continuous variable instead of potential confounders. Second, considering the potential influence of increasing age, disease duration, new comorbidities, added csDMARDs, disability, disease severity measures, and cumulative GC dose over time, time-varying age, disease duration, comorbidities, the HAQ score, pain and patient global assessment scores, weighted cumulative exposure (WCE) of GCs, and number of prior csDMARDs and bDMARDs were added to the Cox model along with the PS. As a disease activity measure, the patient activity scale (PAS), which is a composite index that uses the HAQ score and patient global assessment and pain scores, was also assessed in a different model. A PAS score of 3.7 or lower was defined as remission or low disease activity and a score greater than 3.7 was defined as moderate or high disease activity (26) .
The WCE model for GCs (WCE-prednisone), which combines information about duration, intensity, and timing of exposure into a summary measure, was assessed as the weighted sum of past oral doses (prednisolone equivalent). The weights assigned to past doses were estimated using a flexible cubic spline-based method (27, 28) . The time window (past GC exposure affects the current risk of SI) was determined based on the methodology applied by Dixon et al (28) . Details of the WCE model are described in the Supplementary Material. In sensitivity analyses, the PS was added to the Cox model as a categorical variable in quintiles because stratifying on the PS quintiles of a continuous variable can alleviate the bias due to the measured confounders when estimating a treatment effect. Before using the quintiles in the models, we confirmed that all propensity quintiles had sufficient numbers in each group. Because patients in the csDMARDs group were required to have no prior bDMARD exposure, a PS model without the number of prior bDMARDs was also assessed. Potential interactions of different DMARDs with the comorbidity burden were also tested. For this analysis, regardless of the comorbidity type, the RDCI (which includes lung disease, heart attack, other cardiovascular diseases, stroke, hypertension, fracture, depression, diabetes, cancer, and gastrointestinal problems) (29) score of patients was categorized as 0 (no comorbidity), 1 or 2, or 3 or more. Use of csDMARDs without any comorbidity was set as the reference. Additionally, SI risk in patients who initiated TNFis was compared with that of non-TNFi bDMARD initiators. Lastly, we assessed the SI risk with bDMARDs at different durations compared with the same duration of use of csDMARDs by restricting the time at risk to the first 3, 6, and 12 months and after 12 months of treatment.
Missing covariate data were replaced by using multiple imputation by chained equations to create multiple imputed data sets for analyses (annual income had 4% missing; all other variables had less than 1% missing) (30) . The proportional hazards assumption was assessed by testing the Schoenfeld residuals. No violation of the proportional hazard assumption was observed. All tests were two-sided and were considered statistically significant at P < 0.05. All statistical analyses were performed using Stata version 14.0 (StataCorp).
RESULTS
The study included 11 623 patients with RA, of whom 2 737 were csDMARD incident users, 7 210 were TNFi incident users, and 1 676 were non-TNFi bDMARDs incident users. The baseline characteristics of the patients by DMARD group and future SI are presented in Table 1 and Supplementary Table 1 . Patients who initiated TNFis and non-TNFi bDMARDs had significantly higher disease duration, disease activity, disability, and comorbidity scores than those who initiated csDMARDs at the time of treatment initiation (Table 1) . During the 27 552 patient-years of follow-up, 694 (5.9%) SIs were identified, yielding a crude incidence rate of 25.2 (95% CI 23.4-27.2) per 1000 patient-years. The incidence rate for the TNFi-exposed group was slightly higher than that of other DMARD-exposure groups (Figure 1 ). The cumulative incidences of SIs in different DMARD groups during the first 2 years of treatment are also shown in Figure 1 .
In PS-only-adjusted models, TNFis (hazard ratio [HR] 1.11; 95% CI 0.91-1.34) and non-TNFi bDMARDs (HR 1.26; 95% CI 0.95-1.68) were associated with a nonsignificant SI-risk increase, whereas further adjustment for time-varying confounders revealed significantly increased SI risk with both TNFis (HR 1.33; 95% CI 1.05-1.68) and non-TNFi bDMARDs (HR 1.48; 95% CI 1.02-2.16) compared with csDMARDs (Table 2 ). In the assessment of SI risk at different treatment durations, incidence rates of SI were higher in the first year of the treatment compared with those in the later Figure 1 . Cumulative incidence of serious infections by disease-modifying antirheumatic drug (DMARD) groups during the first 2 years of treatment. The y-axis shows the hazard of serious infection. bDMARD, biological disease-modifying antirheumatic drug; CI, confidence interval; csDMARD, conventional synthetic disease-modifying antirheumatic drug; TNFi, tumor necrosis factor α inhibitor.
years of the treatment in each DMARD group (Supplementary  Table 2 ). Although the number of patients and events was lower when the time at risk was restricted according to the treatment duration, we observed a trend of increased SI risk early in the treatment with bDMARDs versus csDMARDs compared with later years of the treatment (first 3 months > 6 months > 12 months > after 12 months) (Supplementary Table 2 ).
Other factors associated with the risk of SI were older age, lower annual income, higher comorbidity scores, pulmonary disease, higher disability and patient global assessment scores, being exposed to several csDMARDs previously, and higher weighted cumulative prednisone doses (Table 3) . Also, higher disease activity was associated with increased SI risk, with an HR of 1.18 (95% CI 1.14-1.23) for each unit increase in PAS and an HR of 1.82 (95% CI 1.52-2.17) for moderate or high disease activity compared with remission or low disease activity.
In the sensitivity analyses using PS in quintiles and PS calculated without the number of prior bDMARDs, the risk of SIs associated with bDMARDs compared with csDMARDs was similar to that in primary analyses, although SI risk with TNFis did not reach statistical significance when the PS without the number of prior bDMARDs was used (Table 4) . Additionally, the risk of SIs in nonTNFi bDMARD users was not significantly different compared with that in TNFi users (reference) in both PS-adjusted and PS-and time-varying confounders-adjusted models (HR 1.14 [95% CI 0.88-1.46]; HR 1.13 [95% CI 0.85-1.50], respectively) ( Table 4) .
When the interaction of DMARD type with comorbidity burden was examined, csDMARD users were also found to have a significant SI-risk increase in the presence of RDCI scores of 3 or higher compared with csDMARD users with no comorbidities ( 
DISCUSSION
In this large US-wide observational cohort study, we found that TNFis and non-TNFi bDMARDs were associated with an increased risk of SI compared with csDMARDs. However, SI risk associated with non-TNFi bDMARDs was not significantly different from t SI risk associated with TNFis. Comorbidity burden significantly increased the SI risk observed across all treatment groups, but SI risk was markedly increased in patients with RA with high comorbidity burden who were receiving TNFis and nonTNFi bDMARDs. We also found that older age, pulmonary disease, higher disability, higher disease activity, and cumulative GC exposure were predictive of SI. Although previous studies showed an increased incidence of SI in patients with RA compared with the non-RA population (1), there are discrepancies in the literature regarding the risk of SI associated with bDMARDs. Randomized controlled trials of bDMARDs have not reported a consistent pattern of SI risk with different bDMARDs compared with csDMARD (7, (31) (32) (33) (34) (35) , probably because of power restraints and relatively shorter follow-up durations. A recent meta-analysis of 106 randomized controlled trials (wide range of study selection from 1992 to 2014; included 42 330 patients with RA; also examining doses of bDMARD) showed a 31% increase in SI risk with standard-dose bDMARDs in patients with RA compared with csDMARDs, particularly in studies that only had 6-12 months of follow-up (13) . Although randomized controlled trials typically include patients with higher disease activity and less comorbidity (36), our findings of an increased SI risk with bDMARDs were consistent with those found in this meta-analysis.
The results from several observational studies were again inconsistent. The observed SI risk ratio with TNFis compared with csDMARDs ranged between 2.4-to 1.1-fold in the studies that showed an increased SI risk (2,4,9,14,37-39). However, others reported either a risk increase only during early treatment or with certain TNFis such as infliximab or no increase at all with TNFis (8, 10, 40, 41) . For the newer non-TNFi bDMARDs, there are limited observational studies examining the risk of SI. Similar to TNFis, some, but not all, studies reported increased SI risk compared with csDMARDs (HR ranged from 1.1 to 6.9) (6, 16, 19) . Our findings of a 33% and 48% SI-risk increase with TNFis and non-TNFi bDMARDs compared with csDMARDs, respectively, are in keeping with those of previous studies that reported increased risk (2, 6, 9, 12, 14, 38, 39) . Regarding the comparison of SI risk across bDMARDs, the risk we observed with non-TNFi bDMARDs compared with TNFis was also consistent with previous studies that showed no clear risk-increase pattern with bDMARD type despite the selection of different comparator bDMARDs in each study (6,17-21). Abbreviation: bDMARD, biological disease-modifying antirheumatic drug; CI, confidence interval; csDMARD, conventional synthetic disease-modifying antirheumatic drug; HR, hazard ratio; PS, propensity score; TNFi, tumor necrosis factor α inhibitor; WCE, weighted cumulative exposure. Notably, similar findings were obtained despite substantial heterogeneity in study design, such as study population (biologic registries or administrative/pharmacy databases) (10, 14, 21) , treatment episodes (incident/prevalent use) (9, 14, 19, 21) , study outcomes (only bacterial or hospitalized infections not including death) (10, 17, 39) , comparator groups (methotrexate only/all csDMARDs/different bDMARDs) (9, 14, 21, 22) , examined bDMARDs, included covariates (lack of disease severity measures in administrative databases), and methods for addressing confounding by indication (8, 9, 14, 21, 22, 28) .
The crude incidence rates and SI risk with bDMARDs compared with csDMARDs tended to be higher during the first months of treatment than during long-term use, although our sample size was small to show any significant association. Few observational studies using bDMARD registries also showed a similar trend for TNFis (2, 8, 40) . Although bDMARDs can lead to a reduction in GC doses and improvement in function, which, in turn, may decrease SI risk, this finding should be interpreted cautiously because one of the reasons for SI-risk decline over time can be bDMARD termination or loss to follow-up in patients at increased risk (14) .
Because this was an observational study, treatment selection was informed. Thus, factors that determine treatment choice may also influence the outcome. We minimized this potential bias by incorporating PS into multivariable models. PSs calculated using robust registry data, including demographics, comorbidities, RA disease severity, prior SI and csDMARD/bDMARD/GC exposure, and calendar year at the time of treatment initiation, were predictive of both treatment choice and risk of SI. Because the PS was calculated using single time-point measurements, we also included time-varying variables in the models to account for the changes in clinical factors that can alter the SI risk. Only a few studies used PS methodology, including three from biologic/clinical registries that reported an increased SI risk with TNFis compared with csDMARDs (9, 12, 14) and two from administrative databases that showed no risk increase (10, 41) . Besides the differences in covariables, study populations, and risk windows, unlike ours, all of these prior studies allowed patients to contribute to more than one treatment group, which may introduce bias. Furthermore, to account for the variation in timing, duration, and intensity of the GC exposure, we calculated WCE of GCs, which has been shown to be a superior method of GC-exposure assessment than conventional approaches (current or previous use) in examining SI risk (28) . Our study is one of the largest observational studies to assess SI risk by using PS and WCE of GCs.
Our results also provide key information about the contribution of patient factors, disease characteristics, and GC use on SI risk in RA. As shown previously, we found that older age, a higher comorbidity burden (particularly the presence of pulmonary disease), worse physical disability, higher patient global assessment scores, a greater number of prior csDMARD failures, and cumulative GC exposure were strong predictors of SI in patients with RA (14, 28, 39, 42, 43) . Despite the lack of tender/swollen joint counts or acute-phase reactants, we observed about a doubled SI risk in patients who were in a moderate or high disease activity state compared with those in remission or a low disease activity state by PAS. The limited evidence on the influence of disease activity suggested that higher disease activity, measured by the 28-joint Disease Activity Score, was associated with increased SI risk in RA (44) . However, our study examined this association along with a comprehensive DMARD-and GC-exposure assessment. Given the close relation between disease activity and GC use, it has also been shown that GC use is strongly associated with increased SI risk in a dose-and duration-dependent manner (28, 39, 42, 44) . Our results were also consistent with the previous studies when GC exposure was assessed as both WCE and time-varying categorical (data not shown) daily doses.
Notably, although chronic pulmonary disease was the most important comorbidity influencing SI risk in RA, we also observed that the SI risk increased substantially as the number of comorbidities increased, regardless of the type of comorbidities. Higher comorbidity burden, assessed with the RDCI, a validated comorbidity index (45) , was a better predictor of SI than individual comorbidities included in the RDCI, other than pulmonary disease. This association between RDCI and SI was also observed when the patients without chronic pulmonary disease were analyzed separately (data not shown). Earlier studies indicated increased SI risk with several individual comorbidities, such as pulmonary disease, diabetes, and kidney disease (14, 39, 42, 43) ; however, so far, only one study assessed comorbidity burden using the number of comorbidities and reported no association with SI risk (39) . Evaluating comorbidity burden in RA is critical to achieving optimal long-term outcomes because of an increasing prevalence of multiple chronic conditions and an aging population.
Our study has some limitations. First, we intentionally limited our analysis to DMARD-initiators and did not allow patients to contribute to multiple treatment groups. Although this method provided a less biased approach, it decreased our sample size and prohibited us from examining individual bDMARDs and site-specific infections. Second, we evaluated only the first SI for each patient. However, this approach limited the bias resulting from bDMARD discontinuation caused by an SI development. Third, as an observational study, there is the potential that channeling bias and unmeasured confounding occurred. However, using PS, time-varying disease severity measures, and patient characteristics-adjusted multivariable models should have decreased this bias. Lastly, we may not have captured all SIs because patients who are possibly in better health may be more likely to participate in FORWARDThe National Databank for Rheumatic Diseases than those who are frail and at higher risk of infection. This participation bias can also explain our relatively lower SI incidence rates. However, the design of the analysis and the inclusion of comparison arms helped mitigate complications with data capture.
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In conclusion, we observed that TNFis and non-TNFi bDMARDs were associated with an increased SI risk in RA compared with csDMARDs, with no difference in SI risk between TNFis and non-TNFi bDMARDs. SI risk was also associated with older age, comorbidity burden, pulmonary disease, higher disability, higher disease activity, and cumulative GC exposure. Our study both strengthens the evidence of increased SI risk with bDMARDs and indicates that patient characteristics also determine SI risk. Therefore, despite the efficacy of bDMARDs in reducing disease activity, disability, and, potentially, GC exposure, the risk/benefit ratio should be weighed carefully when treating patients with RA, particularly older individuals with multiple comorbidities and disability, with bDMARDs. Patients should be monitored closely for symptoms and signs of infection, and assessment and possible modification of risk factors should be continued throughout the bDMARD treatment.
